Propagation of 143 kHz ultrasound through an atmospheric pressure glow discharge in air was studied experimentally. The plasma was a continuous dc discharge formed by a multipin electrode system. Distributions of the gas temperature were also obtained in and around the plasma using laser-induced Rayleigh scattering technique. Results show significant attenuation of the ultrasound by the glow discharge plasma barrier ͑up to Ϫ24 dB͒. The results indicate that sound attenuation does not depend on the thickness of the plasma and attenuation is caused primarily by reflection of the sound waves from the plasma due to the sharp gas temperatures gradients that form at the plasma boundary. These gradients can be as high as 80 K/mm.
I. INTRODUCTION
Earlier studies of shock wave interaction with nonequilibrium glow discharge plasma ͑GDP͒ ͑Refs. 1 and 2͒ spurred interest in other aerodynamics applications of GDP. Some of the most promising applications are in plasma combustion, flow control, and supersonic air vehicle drag reduction. In combustion, plasma ignition can provide shorter and more reproducible ignition delays; better controlled propellant mass generation rates, and the ability to reliably ignite different types of propellants. 3 In the flow control application, dielectric barrier discharge ignited on the surface of an airfoil can delay leading edge flow separation and promote flow reattachment. [4] [5] [6] In supersonic flight, microwavegenerated plasma has been shown to reduce wave drag. 7, 8 Another possible glow discharge application in aeroacoustics is noise reduction from jet exhaust and from flow induced resonances. Several physical phenomena have been proposed to explain the aerodynamic effects of GDP observed in the experimental studies ͑in particular, the effect of GDP on sound and shock wave propagation͒. Broadly, the existing models fall in one of two groups: ͑1͒ global ͑or thermal͒ effect which views the GDP as a hot region of gas, 9 and ͑2͒ local ͑or internal͒ plasma effect which consider the effect of local variations in neutral component density on plasma kinetics. [10] [11] [12] Although the two models are distinct, they tend to complement each other in generating the observed aerodynamic effects.
In the global model, the discharge is viewed as a mechanism to remotely deposit energy into a certain volume of the gas, thereby increasing its temperature. At the boundary between hot discharge and cold gas regions the acoustic speed ͑or index of refraction͒ changes abruptly, resulting in the reflection and refraction of the wave. The internal plasma effect, on the other hand, may lead to amplification or attenuation of the wave. This effect has been predicted theoretically and confirmed experimentally at low gas pressures. [13] [14] [15] It is caused by the interactions between the external electric field and the plasma constituents ͑i.e., the electrons, ions, and neutral molecules͒. 16 According to a one-dimensional model developed in Ref. 16 , the plasma effect manifests itself via interactions between the neutral gas components and the charged particles. The propagation of sound wave in the plasma will perturb not only the neutral gas density but also the local electric field and electron density. The local perturbation of the plasma parameters by the wave will alter local energy addition rate which, in turn, will perturb the sound wave amplitude. In this model, the sound wave may be either amplified or attenuated depending on the mutual orientation of the direction of propagation of sound wave and electric field. When the direction of the electric field and sound wave propagation are orthogonal, the internal plasma effect predicts attenuation of sound, 16 which is complimentary to the global effect.
A one-dimensional model of the planar acoustic wave propagation through the gas with temperature gradients was developed in Ref. 17 . For plasma gas temperatures between 1500 and 2500 K and surrounding gas temperature of 300 K, maximum sound attenuations between Ϫ1.4 and Ϫ2.4 dB were predicted for the case of a step-wise temperature distribution. However, a one-dimensional model cannot adequately describe the actual temperature field and the acoustic wave front. Predicting attenuation of sound wave by plasma is, therefore, a complex numerical exercise that requires solving a three-dimensional ͑3D͒ system of Euler's equations and accurate accounting for such factors as discharge temperature field, actual wave front, presence of discharge electrodes, and strong convective flows around the plasma. To date, no attempts have been made to evaluate the global effect for actual ͑3D͒ conditions.
Recently, interaction of single-tone sound with GDP formed in open air was studied experimentally 18 volumetric glow discharge was formed in air at pressures of around 100 Torr and sound wave attenuation by the GDP was studied systematically and a strong attenuation ͑Ϫ7.9 dB for single-tone acoustic wave of 12.5 kHz͒ provided by a 3.5 cm thick plasma was found to be promising for sound mitigation applications. However, it is much more interesting, from both fundamental and practical points of view, to study the effect in atmospheric pressure plasmas since the physical nature of atmospheric plasma is more complex than that of low pressure GDP and additional effects such as strong convection flows that are typical in actual atmospheric plasma generators can alter the mechanisms of plasma-sound interaction. Further, a phenomenological understanding of acoustic wave-atmospheric GDP interaction can help better explain the observed plasma effects on shock waves.
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In the present work, a stationary plasma "slab" with a maximum dimensions of 80ϫ 35ϫ 15 mm 3 was formed in air at atmospheric pressure and interaction of high frequency ͑ = 143 kHz͒ acoustic wave with the plasma barrier was studied. The measurements included sound wave attenuation as well as the temperature field in and around the plasma in order to assess the extent of internal plasma and global effects on the ultrasound attenuation. The intensity of backscattered wave was also evaluated.
II. EXPERIMENTAL SETUP
The experimental setup is similar to that reported in Ref. 18 . The discharge is generated inside a 3.6 m long, 2 m wide, and 2.3 m high anechoic room. A 1 ϫ 1.5 m 2 experimental table is placed at the center of the room, and the room's walls, ceiling, and floor are covered with 1/2 in. acoustic foam. The discharge electrode system, sound source, and microphone are mounted on the table via translation stages. The sound source, microphone and the plasma generator are shown schematically in Fig. 1 along with the coordinate system used.
The discharge is formed between a multipin cathode and a sectional anode as shown in the photograph of Fig. 2 . The anode consists of six stainless steel electrodes ͑1.6 cm wide, 6.5 cm long, and 0.9 cm thick͒ separated by 1 mm gaps from each other. The gaps are filled with insulating ceramic cement. Cathodes are made of stainless steel pins ͑1 mm diameter rods with rounded tips͒. They are mounted vertically on a quarter-inch thick ceramic plate in such a way that the cathodes' tips are flush with the plate surface. The total number of pin cathodes is 136 and they are organized in eight rows ͑along x-axis͒ with 17 cathodes in each row. The distance between each pair of pins along both x-and y-axes is 5 mm. Anode assembly is placed on a vertical translation stage, so the electrode gap is adjustable ͑along z-direction͒. A stable and diffuse discharge is realized for electrode gaps between approximately 5 and 15 mm; it is visually stable without flickering or movement and its electrical current does not change for more than 0.02 A over period of time of 5 min. The discharge is sustained by a dc power supply via a common 2 k⍀ load resistor and an individual 50 k⍀ load resistor connected to each anode section. Each cathode pin is grounded via a 500 k⍀ resistor. Thus, discharges from separate pins are electrically independent. The total current through the discharge is measured on a low-Ohm shunt. The total discharge current is optimized at 0.52 A ͑corresponding to a current of 3.8 mA through each cathode pin͒ that is kept unchanged for most of the reported measurements.
To avoid diffraction of acoustic waves around the electrodes, the size of the sound "beam" should be smaller than the electrode spacing. This requirement imposes a low limit on the acoustic wave frequency and beam divergence. An ultrasound of 143 kHz ͑with wavelength of = 0.24 cm at room temperature͒ is formed by a PAR135P ͑Parsonics Corp.͒ piezo transducer with beam divergence of no more that 15°. An identical transducer is used as a microphone. The source transducer is driven by a harmonic signal from a function generator. The signal from the microphone is conditioned by a preamplifier ͑Advanced Research Instruments Corporation TDC-50͒ and acquired by a two-phase lock-in analyzer ͑EG&G Princeton Applied Research 5208͒. The output signal from the analyzer ͑which is directly proportional to the sound pressure level, SPL͒ is saved in the host computer. The microphone is mounted on translation stages that are controlled by the host computer.
III. GAS TEMPERATURE DISTRIBUTION IN PLASMA
A typical time evolution of microphone signal is shown in Fig. 3 . Initially, the sound source is on while the discharge is off. At t = 8 s the discharge is ignited and then turned off 20 s later. At t = 40 s, the source transducer is turned off for 10 s. Fluctuation of the signal during the active phase of discharge and thereafter are attributed to refractive effects due to the convective flows induced by the heated gas. The 
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microphone signal relaxes to the initial level in approximately 3 min when the electrode temperature has approached the ambient value.
In order to assess the thermal gradient effect on sound attenuation by the GDP, measurements of temperature across the plasma slab formed by the 136 pin discharge were carried out using laser-induced Rayleigh scattering technique. The cylindrical optical probe volume was 0.8 mm long and 0.1 mm in diameter. The optical arrangement and the instrumentation for this system are reported in Ref. 19 . Figure 4 shows the longitudinal ͑x-direction͒ temperature distribution for a discharge with a current and voltage of 0.45 A and 1.95 kV, respectively. In this case, all the 136 pin cathodes are active and the electrode gap is 10 mm. Each data point in the temperature profiles in Fig. 4 represents the average of 900 individual measurements. The error bars correspond to one standard deviation computed from these 900 measurements ͑for clarity of picture, error bars are shown for only a subset of locations͒. The maximum registered temperature of 2100 K is comparable to atmospheric discharge gas temperatures obtained in other studies. [20] [21] [22] [23] As illustrated in the inset of Fig. 4 , the temperature distribution is quite uniform in the central part of the plasma. Clearly, the thermal effect of the "elementary" discharge from each pin overlap forming an approximately uniform temperature field inside the plasma core.
Outside the plasma core gas temperature relaxes back to room temperature over a distance of approximately 30 mm. The boundaries of the thermal field are quite distinct with sharp temperature gradients on each side of plasma. The mean value of the temperature gradient is ϳ80 K / mm in the regions between Ϫ30 to Ϫ10 mm and between 15 to 35 mm. The largest measured temperature gradient is 190 K/mm ͑for x between Ϫ20 to Ϫ25 mm͒. These sharp temperature gradients are caused by the strong convection flows which effectively remove heat deposited into air by the discharge and prevent the lateral growth of the temperature field through thermal conduction as was observed in an earlier experiment with a single pin "elementary" discharge.
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Detailed two-dimensional plasma boundary temperature distributions constructed from 30 individual temperature measurements are shown in Fig. 5 as a contour map at y =0 ͑center plane͒. The high temperature zone is wider at the top than it is at the bottom due to natural convection currents. The extent of the gradient zone in both x-and z-directions is larger than the ultrasound wavelength. Therefore, the plasma should not be considered a "slab" but rather a complex 3D obstacle.
IV. SOUND ATTENUATION RESULTS AND DISCUSSION
The lock-in analyzer output, S dB ͑referred to, below, as microphone output͒ is proportional to the ultrasound intensity ͑SPL͒ as SPL= S db + G where G is a calibration constant. In the present study, calibration was not carried out since the parameter of interest is attenuation and it can be found directly from two measurements of the microphone output as ␣ = S dB plasma on − S dB plasma off , ͑1͒
where S dB plasma on and S dB plasma off are measured during and before the discharge is on, respectively. Profiles of microphone output signal and sound attenuation, ␣, through the discharge are presented in Figs. 6-8 . The indicated positions of the discharge electrodes, sound source and microphone correspond to the configuration shown in Fig. 1 . The longitudinal profiles shown in Fig. 6 are recorded by moving the microphone along x-axis at y=z=0 cm. The y-and z-axis profiles shown in Figs. 7 and 8 , respectively, The profiles show strong attenuation of sound by the plasma barrier. The average value of ␣ Ϸ −22 dB obtained in Fig. 6 is substantially higher than that obtained in the previous experiments carried out at 100 Torr. 18 For example, attenuation of ␣ Ϸ −8 dB was obtained for sound frequency 12.5 kHz in that study. This sound frequency corresponds to a wavelength of about 2.7 cm at room temperature. Considering that the transverse dimensions of the plasma were 10 and 4 cm in the study of Ref. 18 , some diffraction around the plasma barrier should be expected, reducing the registered sound attenuation. In the present study less sound diffraction should be expected since the relative sound wave is smaller ͑the ultrasound wavelength at room temperature is 0.24 cm while the transverse dimensions of the plasma are ϳ8 and 1 cm͒. Further, the nearly constant longitudinal attenuation distribution of Fig. 6 indicates that the plasma slab does not act as a sound lens. The dip in the transverse distribution of SPL ͑with plasma off͒ around y = 50 mm in Fig. 7 could be due to the asymmetry of the discharge support system. The anode assembly was mounted on the fiberglass mounting plate attached to the support rod which was slightly off-center ͑ϳ1.5 cm along the positive direction of y-axis͒. A probable cause of the dip in the SPL profile is the ultrasound diffraction on the support rod. The absence of this feature in the discharge-on SPL profile is likely due to a certain amount of random phase distortion of wave through the discharge. Figure 8 shows the microphone output profile and attenuation distributions in the vertical direction ͑along z-axis͒. Based on the divergence angle of the ultrasound beam provided by the transducer manufacturer ͑15°͒, sound profile width is estimated to be 100 mm in diameter at x = 23 cm. This value is close to 80 mm shown in Fig. 8 . The shadows from electrodes ͑anode on the right, cathode with support on the left͒ are also presented in the figure. Due to the divergence of the ultrasound beam, the width of the anode shadow ͑22 mm͒ is larger than the anode thickness ͑9 mm͒. A certain level of sound is detected directly behind electrodes due to diffraction. The variation in the maximum attenuation levels in Figs. 6-8 ͑between Ϫ20 and Ϫ24 dB͒ is within the uncertainty limits of the current experiments and can be attributed to the slight variations in the spatial characteristics of the discharge from one experiment to another.
As pointed out earlier, sound attenuation can be attributed to two mechanisms: sound reflection at the plasma surface ͑due to gas temperature gradients at the plasma boundaries͒ and absorption inside the plasma ͑internal plasma effect͒. A sound absorption model was presented in Ref. 16 , which indicated that acoustic wave propagating in GDP can lose energy if the wave vector is perpendicular to the direction of the electric field in the plasma. Figure 9 , however, does not provide any evidence of such internal plasma effect in the present experiments. The measured sound attenuation by discharges formed by one, three, five, and eight rows of cathode pins ͑corresponding to the plasma thicknesses varying between 5 and 40 mm as judged by the size of the glow͒ do not show any systematic ͑monotonic͒ dependence on the plasma thickness. Therefore, the measured attenuation can be primarily attributed to sound reflection at the plasma boundaries due to temperature gradients.
The reflected sound was measured by rotating the discharge electrode system 45°about the z-axis and placing the microphone ͑microphone 1͒ in the expected direction of reflection as shown in Fig. 10 
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sures the transmitted sound. The microphones were mounted on a translation stage allowing for 18 cm of linear motion ͑along the x-axis for microphone 1 and along the y-axis for microphone 2͒. The output of both microphones is presented in Figs. 11 and 12 . The increase in microphone 1 output when the plasma is on indicates that reflection, indeed, does take place. However, the maximum reflection seems to occur not at 90°͑corresponding to x = 130 mm͒, but around 105°͑ corresponding to x = 170 mm͒. This is caused by the asymmetric shape of the discharge in the y-direction. Quantitative comparison of the transmitted and reflected sound intensity is hampered by the constrains of the experimental setup. Since the constant temperature contours are slanted downwards ͑as shown in Fig. 5͒ , some of the sound is reflected downwards and not captured by the microphone. Therefore, the total amount of energy reflected toward microphone 1, is just a fraction of the total energy loss recorded by microphone 2. From the data of Figs. 11 and 12, this fraction, ␤, is estimated to be 18% using the following equation: 
where the integration is done along the microphones respective translation paths Taken together, Figs. 9, 11, and 12 provide strong qualitative evidence that the dominant mechanism leading to attenuation of sound wave propagating across GDP is reflection ͑or scattering͒ of the wave from the plasma boundary.
V. CONCLUSIONS
The propagation of ultrasound through a GDP generated in air at atmospheric pressure was studied experimentally. A stable dc discharge was formed using a multipin electrode system. Sound attenuation as strong as Ϫ24 dB observed in the present study is significantly higher than that measured in experiments with subatmospheric pressure discharges. 18 This increase in attenuation is attributed to the reduced sound diffraction in the present experiments. The temperature measurements carried out using laser-induced Rayleigh scattering technique demonstrate that the temperature field inside 
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the plasma was uniform, with a maximum temperature of about 2100 K. The boundaries of the thermal field had a complex 3D shape and exhibited steep gradients reaching ϳ80 K / mm on both sides of the discharge. Experiments with discharges of various thicknesses demonstrate that the internal plasma effect does not play a significant role in the attenuation of sound, and the bulk of the observed attenuation can be attributed to wave reflection and refraction at the air-plasma boundary caused by 3D thermal gradients. This conclusion is supported by the direct measurement of the reflected wave energy that comprised a significant part of total energy attenuated by the discharge.
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